We have developed a polystyrene-based well-of-the-well (WOW) system using injection molding to track individual embryos throughout culture using time-lapse cinematography (TLC). WOW culture of bovine embryos following in vitro fertilization was compared with conventional droplet culture (control). No differences between control-and WOW-cultured embryos were observed during development to the blastocyst stage. Morphological quality and inner cell mass (ICM) and trophectoderm (TE) cell numbers were not different between control-and WOW-derived blastocysts; however, apoptosis in both the ICM and TE cells was reduced in WOW culture (P , 0.01). Oxygen consumption in WOW-derived blastocysts was closer to physiological level than that of control-derived blastocysts. Moreover, WOW culture improved embryo viability, as indicated by increased pregnancy rates at Days 30 and 60 after embryo transfer (P , 0.05). TLC monitoring was performed to evaluate the cleavage pattern and the duration of the first cell cycle of embryos from oocytes collected by ovum pickup; correlations with success of pregnancy were determined. Logistic regression analysis indicated that the cleavage pattern correlated with success of pregnancy (P , 0.05), but cell cycle length did not. Higher pregnancy rates (66.7%) were observed for animals in which transferred blastocysts had undergone normal cleavage, identified by the presence of two blastomeres of the same size without fragmentation, than among those with abnormal cleavage (33.3%). These results suggest that our microwell culture system is a powerful tool for producing and selecting healthy embryos and for identifying viability biomarkers.
INTRODUCTION
Following ovum pickup (OPU), which collects a limited number of oocytes, culturing small groups of mammalian embryos or individual embryos is practical and allows identification of individual embryos [1] . Furthermore, tracking the developmental progress of individual embryos may lead to the identification of viability biomarkers that can be used to assess embryo quality and pregnancy success after transfer. Current methods for the isolation of individual embryos are, however, problematic; single-embryo culture is associated with low embryo density and altered embryo development, as indicated by the impairment of development to the blastocyst stage, low cell numbers, and decreased production of interferon-tau [2] [3] [4] . In addition to the difficulties that arise from low embryo density, culturing embryos in a small droplet volume leads to the accumulation of toxic substances such as ammonium [5, 6] and oxygen-derived free radicals [7] , which may be harmful to the embryos and may lead to subsequent developmental anomalies [8] . Medium replacement could theoretically compensate for toxin accumulation but may be harmful to embryo development [9] and would remove positive-acting autocrine/paracrine factors.
To overcome the problems associated with those methods, the well-of-the-well (WOW) system, with microwells on the bottom of conventional four-well dishes or microdrops, has been developed [10] . It has been hypothesized that the WOW system provides both a suitable macroenvironment (nutritional support and dilution of metabolized toxic products) and microenvironment (accumulation of autocrine and/or paracrine factors from the embryos themselves) for the embryo, resulting in improved development to the blastocyst stage for embryos cultured at low density [10, 11] . As other concepts, microwell culture system was also used to culture zone-free embryos [12] and to prepare aggregation chimaeras [13, 14] . However, these methods require manual preparation by melting [10] or using a needle [12] [13] [14] or cylinder [11] with changing the shape of the bottom surface. Uniformity of the diameter and depth of each microwell is therefore difficult to achieve. Furthermore, manual preparation greatly impairs the optical characteristics of the culture dish, and the visibility of embryos is rather poor when observed under an inverted microscope.
TLC is an effective method for continuous imaging of embryonic development in vitro, allowing analysis of the developmental kinetics and cleavage patterns throughout the culture period without removing the culture dish from the incubator [15] [16] [17] . This method may enable selection of embryos with high developmental competence even at very early stages of development [18, 19] ; however, for TLC systems using inverted microscopy, the application of handprepared WOW dishes is limited by poor sample visibility. In contrast, the analysis of conventional group culture using TLC is subject to accidental shifting of the original position of the embryo during imaging and to confusion of selected embryos after removal from the incubator.
Various methods for the fabrication of microscale plastic devices are available [20] , including poly(dimethylsiloxane) (PDMS) replica molding [21] [22] [23] [24] , injection molding [25] , and hot or cold embossing [26, 27] . PDMS replica molding is a low-cost, rapid processing method and is widely used in research laboratories to fabricate microscale devices for embryo culture [21] [22] [23] [24] . PDMS has broad biocompatibility and is generally considered a suitable material for a variety of biological and cellular applications. PDMS has, however, been reported to absorb medium components, such as essential amino acids, vitamins, steroids, hormones, and growth factors [28] ; the reduction and/or loss of such molecules, including autocrine/paracrine factors, from the culture medium may affect embryo development or alter phenotypic behavior [29] [30] [31] [32] [33] . Unlike PDMS, polystyrene, from which commercial dishes for embryo culture are manufactured, can be used as a material for injection molding; the fabricated dishes are reliable for embryo culture and lack the negative side effects of PDMS. In addition, injection molding offers higher throughput than PDMS replica molding and embossing and has superior reproducibility. Thus, injection molding is one of the most promising mass production methods for industrial fabrication of microscale devices for embryo culture.
Here we report a novel polystyrene-based WOW embryo culture system obtained by injection molding, with subsequent application for TLC imaging. To evaluate the efficacy of WOW culture dishes, we examined in vitro development of embryos following in vitro fertilization (IVF), including assessment of cell numbers, apoptosis incidence, oxygen consumption at the blastocyst stage, and posttransfer viability of embryos subjected to WOW culture. Additionally, the posttransfer viability of WOW-cultured embryos following OPU-IVF was analyzed by examining the duration of the first cell cycle and resulting cleavage pattern.
MATERIALS AND METHODS

Animal Care and Use
The present study was approved by the Ethics Committee for the Care and Use of Experimental Animals, National Livestock Breeding Center Japan. Also, all animals received humane care according to law no. 105 and notification nos. 6 and 22 of the Japanese Guidelines for Animal Care and Use.
Design and Fabrication of the WOW System
The WOW culture dishes were 35 mm in diameter, with each dish configured with a circular wall in the center surrounding 25 microwells arranged in an array with five columns and five rows (Fig. 1, A and B) . Each microwell was 287 lm in diameter and 168 lm in depth (Fig. 1B) , and each microwell was separated by 150 lm. The lower portion of each microwell sloped down toward the center of the well (slope angle, 7.18). The circular wall was 7 mm in diameter and 1.5 mm in height and was used to support microdroplets of culture medium.
The WOW culture dishes were fabricated using the conventional injection molding method [34] . A metal mold was fabricated by machining and then fitted to an injection-molding machine to generate replicates of the WOW culture dishes. Polystyrene was chosen as the material for the WOW culture dish based on its nontoxicity for cell culture.
Quality Check of WOW System
We evaluated the three-dimensional (3D) images and cross-sectional profiles of the microwells to verify the quality of the produced WOW culture dishes. The cross-sectional profiles and 3D images of the microwells were obtained using a laser confocal displacement meter (LT9010M; Keyence, Osaka, Japan) combined with a mechanical stage (KS-1100; Keyence), and the diameter, depth, and slope angle of each microwell was measured. The lower portion of each well sloped toward the center of the well as designed and was sufficiently smooth for observing the embryos (Fig. 1, C and D) . The mean microwell diameter, depth, distance and slope angle 6 SEM, determined from analysis of 20 WOW culture dishes, were 287.2 6 0.43 lm, 168.6 6 0.04 lm, 111.0 6 0.46, and 7.1 6 0.018, respectively.
Oocyte Collection and In Vitro Maturation
Collection and in vitro maturation (IVM) of bovine cumulus-oocyte complexes (COCs) was performed as described [35] . Ovaries from Japanese Black or Holstein heifers were collected at a local slaughterhouse, transferred to the laboratory, and then washed and stored in physiological saline supplemented with 50 lg/ml gentamycin (Sigma Chemical, St. Louis, MO, USA) at 208C for ;20 h. COCs were aspirated from small follicles (2-6 mm in diameter) using a 5-ml syringe equipped with a 19-gauge needle and transferred to IVM medium (25 mM HEPES-buffered tissue culture medium 199 [M199; Gibco BRL, Grand Island, NY, USA] supplemented with 5% calf serum [Gibco BRL]). COCs were washed twice with IVM medium and then incubated in 600 ll IVM medium covered with paraffin oil (Paraffin Liquid; Nacalai Tesque, Inc., Kyoto, Japan) in 35-mm Petri dishes (Nunclon Multidishes; Nalge Nunc International, Roskilde, Denmark) at 38.58C for 20 h in a humidified atmosphere with less than 5% CO 2 in air.
In Vitro Fertilization
IVF was performed as reported by Imai et al. [35] . Briefly, at the end of the COC maturation period, ejaculated sperm samples from a Japanese black bull that were frozen in 0.5-ml straws were thawed in a 378C water bath for 30 sec and then centrifuged in 3 ml 90% Percoll solution at 740 3 g for 10 min. The pellet was then resuspended and centrifuged at 540 3 g for 5 min in spermwashing medium, which was comprised of Brackett and Oliphant (BO) solution [36] supplemented with 10 mM hypotaurine (Sigma), 4 enzyme units (U)/ml heparin (Novo-Heparin Injection 1000; Aventis Pharma Ltd., Tokyo, Japan), and 20 mg/ml bovine serum albumin (BSA; crystallized and lyophilized; Sigma). The pellet was consequently resuspended in sperm-washing medium and BO solution supplemented with 20 mg/ml BSA to achieve a final concentration of 3 3 10 6 spermatozoa/ml, 5 mM hypotaurine, 2 U/ml heparin, and 10 mg/ml BSA. Droplets (100 ll) of this suspension prepared in 35-mm dishes and covered with paraffin oil served as fertilization droplets. COCs were removed from the maturation medium, washed twice in BO solution supplemented with 10 mg/ml BSA, placed in fertilization droplets (20 COCs per droplet), and cultured for 6 h at 38.58C in a humidified atmosphere with less than 5% CO 2 in air.
Preparation of WOW Culture Dishes
WOW culture dishes were treated with 2 ml ethanol for sterilization. After 30 min, the ethanol was removed, and the WOW dishes were dried in air on a warm plate and sterilized under ultraviolet light for 10 min. After sterilization, 125 ll Charles Rosenkrans 1 medium with amino acids (CR1aa) [37] supplemented with 5% calf serum were placed within the circular wall of WOW dishes containing the microwells and covered with paraffin oil. To flush air bubbles from inside the microwells, the outside of the circular wall was tapped with an awl. The WOW dishes were then preincubated for !3 h before use.
In Vitro Culture
Embryos were cultured in vitro for 168 h at 38.58C in a humidified atmosphere with less than 5% CO 2 in air at a culture density of 5 ll per embryo, which was identified by Fujita et al. [38] to be most beneficial for development to the blastocyst stage. Each dish contained 125 ll CR1aa medium supplemented with 5% calf serum and covered with paraffin oil. After IVF, putative zygotes were completely denuded from cumulus cells and spermatozoa by gentle pipetting with a fine glass pipette in preincubated in vitro culture medium. Twenty-five zygotes were placed in a droplet in microwells of the WOW dishes (one zygote per microwell) or in a conventional droplet in a 35-mm dish.
Collection of In Vivo-Derived Embryos
In vivo-derived embryos from superovulated Japanese cattle were collected as described [39] . Superovulation was performed by injecting 20 armor units of follicle-stimulating hormone (ANTORIN-R 10; Kawasaki Pharmaceutical, Kawasaki, Japan) and 2 ml prostaglandin F 2a (RESIPRON-C; Asuka Pharmaceutical, Tokyo, Japan) followed by artificial insemination (AI) of ejaculated sperm samples from a Japanese black bull that were frozen in 0.5-ml straws and thawed in a 378C water bath for 30 sec. On Day 8 post-AI, embryos were recovered by uterine flashing. Blastocysts and expanded blastocyst stage embryos were selected and stored in Dubelco phosphate-buffered saline (PBS; BOVINE EMBRYOS CULTURED VIA THE WOW SYSTEM Gibco, Grand Island, NY, USA) containing 20% calf serum until measurement of oxygen consumption.
Differential Staining of Inner Cell Mass and Trophectoderm Cells
The cell allocation of blastocysts was assessed by differential staining of inner cell mass (ICM) and trophectoderm (TE) cells as described [40] . Briefly, TE cells in blastocysts were identified by staining with 100 lg/ml propidium iodide fluorochrome containing a permeabilizing solution of 0.2% (v/v) polyoxyethylene-p-isooctylphenol (Triton X-100; Sigma) for 40 sec. Blastocysts were then incubated for 5 min in 99.5% ethanol containing 25 lg/ml Hoechst 33342 for fixation. Fixed and stained whole blastocysts were mounted, and the number of ICM cells and TE cells was assessed under an epifluorescence microscope (IX-71; Olympus, Tokyo, Japan). ICM cells and TE nuclei were represented by blue and pink to red, respectively.
Detection of Apoptosis-Positive Cells by TUNEL Assay
Detection of apoptosis-positive cells by the TUNEL assay was performed as described [41] . Briefly, blastocysts were washed three times in PBS supplemented with 0.1% polyvinyl alcohol (PVA; Sigma) and fixed in PBS containing 2% paraformaldehyde (Sigma) and 0.2% (v/v) Triton X-100 for 40 min at room temperature. A commercially available TUNEL assay kit (ApopTag; Chemicon, Temecula, CA, USA) was used for the detection of apoptotic cells; blastocysts treated with Deoxyribonuclease I (10 IU/ml; Sigma) for 1 h at 378C were used as a positive control. After washing three times with PBS containing 0.1% PVA for 10 min each, blastocysts were incubated in the equilibration buffer for 20 sec at room temperature and then incubated in 70% (v/v) reaction buffer containing 30% (v/v) terminal deoxynucleotidyl transferase and digoxigenin-11-deoxyuridine triphosphate at 378C for 2 h in a humidified chamber. The reaction was stopped by the addition of 3% (v/v) stop/wash buffer at 378C for 10 min. After washing four times with PBS containing 0.2% (v/v) Triton X-100 for 2 min each, blastocysts were incubated with horseradish peroxidase-conjugated antidigoxigenin at room temperature for 1 h. After washing four times with PBS containing 0.2% Triton X-100 and 0.1% PVA, blastocysts were stained with 10 lg/ml propidium iodide in PBS for 1 h at room temperature. The number of TUNEL-positive nuclei (yellow to green) was assessed under an epifluorescence microscope and examined under an epifluorescence microscope. The incidence of embryo apoptosis was calculated as the percentage of TUNEL-positive nuclei relative to the total number of nuclei. Putative allocation of cells to ICM or TE was based on their position in the embryos and the relative size of their nuclei; true cell allocation can be confirmed only by differential staining. Cells within the ICM appeared as a mass within the embryo and had smaller nuclei than those in TE cells.
Measurement of Oxygen Consumption
Oxygen consumption by individual bovine embryos was measured noninvasively using a scanning electrochemical microscopy system (HV-405; Hokuto Denko Co., Tokyo, Japan) [42, 43] . Embryos were transferred individually to an 80-mm plate filled with 5 ml embryo respiration assay medium-2 (ERAM-2; Research Institute for the Functional Peptides, Yonezawa, Japan) and were then transferred individually to the bottom of a microwell. The medium temperature was maintained at 38.58C on a warming plate on the microscope stage. The measurement of oxygen consumption was performed as described [43] . The XYZ-axis stage and the potentiostat were controlled by a notebook computer. When placed in the ERAM-2 solution, voltammetry of the platinum-microdisc electrode (Hokuto Denko) showed a steady-state oxygen reduction wave. No response from other electrochemically active species was observed near the embryo surface. The oxygen consumption 
Production of Embryos Derived from Oocytes Collected by OPU
COCs were collected from Japanese black cows by OPU, using an ultrasound scanner (SSD-900; Aloka, Tokyo, Japan) and a 7.5-MHz convexarray transducer (UST-9109P-7.5; Aloka) with a 17-guage stainless-steel needle guide as described [35] . Follicles .2 mm in diameter were aspirated with a vacuum (120 mm of mercury and an aspiration rate of 22 ml/min) through a disposable aspiration needle (COVA Needle; Misawa Medical, Tokyo, Japan). Oocytes were matured in 50-ll droplets and subjected to IVF using semen from a proven bull. Following IVF, 11-25 embryos were cultured in 125-ll CR1aa medium using the WOW system.
Evaluation of the Duration of and Cleavage Pattern in the First Cell Cycle Using TLC
The duration of and cleavage pattern in the first cell cycle were evaluated as reported [19] . Embryos were cultured in WOW dishes for 168 h at 38.58C in a humidified atmosphere with less than 5% CO 2 in air. Development was monitored using a real-time Culture Cell Monitoring System (CCM-M1.4Z; Astec, Fukuoka, Japan). During the culture period, 673 photographs of the embryos were taken at 15-min intervals using a plain objective with 43 magnification. Image stacks were analyzed using CCM-M1.4 software (Astec).
Synchronization and Embryo Transfer
Japanese black/Holstein crossbred recipients were synchronized with 3 ml prostaglandin F 2a . Transferable embryos identified according to the International Embryo Transfer Society manual [44] as either code 1 or 2 single blastocysts at Day 7 after insemination were then transferred into the ipsilateral uterine horn of each synchronized recipient on Days 7-8 after estrus. The recipients were fed and managed in the same manner, and estrous behavior was observed at least twice daily, in the morning and evening.
Pregnancy Diagnoses
Pregnancy diagnoses were performed on Days 30 and 60 after embryo transfer using ultrasonography (HS101V; Honda Electronics, Toyohashi, Japan). Pregnancy was confirmed by observation of a fetus with a detected heartbeat in the intraluminal uterine fluid and embryonic membrane.
Experimental Studies
In experiment 1, in vitro embryo development, embryo quality at the blastocyst stage, and the pregnancy rate were analyzed for embryos subjected to conventional droplet (control) culture and to WOW culture. In each trial, IVFderived embryos were randomized into control and WOW groups. Rates of cleavage and development to the blastocyst stage were calculated at 48 and 168 h (hour of IVF start was defined as 0 h) of IVF, respectively. The morphological quality, ICM and TE cell numbers, apoptosis incidence, and oxygen consumption were assessed at 168 h after IVF. Blastocyst morphological quality was assigned as code 1, code 2, or code 3, based on the definitions specified in the International Embryo Transfer Society manual [44] . Oxygen consumption per 100 cells was calculated by counting total cell numbers with differential staining after measuring oxygen consumption. Physiological levels of oxygen consumption were determined using in vivoderived blastocysts and expanded blastocysts. To examine posttransfer viability, code 1 (control, n ¼ 27; WOW, n ¼ 21) and code 2 (control, n ¼ 5; WOW, n ¼ 8) blastocysts were individually transferred into synchronized recipients (n ¼ 61).
In experiment 2, the posttransfer viability of OPU-IVF-derived embryos cultured in WOW according to the duration and cleavage pattern at first cell cycle was analyzed. OPU-derived COCs were collected from eight Japanese black cows and subjected to IVF; the in vitro development of embryos was recorded continuously throughout the 168-h culture period using TLC. The recorded images were analyzed to determine the duration of and cleavage pattern in the first cell cycle for each fertilized oocyte. As described by Somfai et al. [19] , the following morphological classes were assigned based on the size and number of blastomeres and on the presence or absence of fragments and protrusions into the perivitelline space: embryos with blastomeres of the same 
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size without signs of fragmentation were classified as normal cleavage (NC), embryos with two blastomeres and several small fragments in the perivitelline space were classified as multiple fragments (MF), embryos with two blastomeres and a protrusion were classified as protrusion-type embryos (PT), embryos with direct cleavage from the one-cell stage to three or four blastomeres were classified as three to four blastomeres (3-4BL), and embryos with two blastomeres of different size were classified as unequal blastomeres (UB). Embryos classified as MF, PT, 3-4BL and UB were all considered to have abnormal cleavage (ANC). Twenty-four blastocysts of code 1 or code 2 were individually transferred into synchronized recipients (n ¼ 24). After pregnancy diagnoses at Days 30 and 60 after embryo transfer, the relationship between the pregnancy status (pregnant or nonpregnant at Day 60) and the cleavage pattern (NC and ANC) and duration of the first cell cycle was analyzed by logistic regression [45] .
Statistical Analysis
Each experiment was performed for at least triplicate. Pregnancy rates were analyzed by the chi-square test. Oxygen consumption data were analyzed using analysis of variance followed by the Fisher protected least significant difference test. All other data were analyzed using the Student t-test. All percentage data were arcsine transformed. Variables at first cell cycle affecting the success of pregnancy were analyzed by logistic regression [45] . The registered dichotomous dependent variable (pregnant or nonpregnant) was coded as 1 (pregnant) or 0 (nonpregnant). The duration of and cleavage pattern at the first cell cycle were independent variables. The cleavage pattern was coded as 1 (normal cleavage) or 0 (abnormal cleavage). For all data, P , 0.05 was considered significant. The statistical significance of all data was examined using StatView (Abacus Concepts Inc., Berkeley, CA, USA).
RESULTS
Experiment 1: In Vitro Embryo Development, Blastocyst Quality, and Posttransfer Viability of WOW-Derived Embryos
No differences in the in vitro development of WOW-and control-cultured embryos were observed ( Table 1) . The morphological quality (Table 2 ) and the ICM, TE, and total cell numbers (Table 3) were not different between the control and WOW-cultured blastocysts. The incidence of apoptosis in ICM and TE cells, as well as in total the cells, of the blastocysts derived from WOW culture was lower than that in controlcultured blastocysts (P , 0.05, 0.05, and 0.01, respectively; Table 4 ). Oxygen consumption per blastocyst (mean 6 SD) was not different between the control (1.07 6 0. 35 Fig. 2A ). In contrast, oxygen consumption per 100 cells (mean 6 SD) was significantly different between the control (1.06 6 0.29 3 10 À14 mol s À1 , n ¼ 44) and WOWcultured samples (0.94 6 0.26 3 10 À14 mol s À1 , n ¼ 45), indicating that the mean level of oxygen consumption in WOW-derived blastocysts was lower (P , 0.05) than that in the control; however, the level was similar to that from in vivoderived embryos (0.83 6 0.22 3 10 À14 mol s À1 , n ¼ 15; Fig.  2B ). For this calculation, the total number of cells in individual control, WOW, and in vivo-derived blastocysts (mean 6 SD) was 102.7 6 26.6, 111.9 6 33.9, and 113.6 6 21.6, respectively, and were not significantly different. These results indicated that the oxygen consumption of WOW-derived blastocysts was closer to a physiological level than that of blastocysts derived from the control culture. Moreover, WOWderived blastocysts resulted in higher pregnancy rates at Days 30 and 60 posttransfer than did those derived from the control culture (P , 0.05; Table 5 ).
Experiment 2: Posttransfer Viability of Bovine OPU-IVFDerived Embryos Cultured in WOW According to Duration and Cleavage Pattern in First Cell Cycle
The frequency (mean 6 SD) of OPU-IVF-derived embryo development to the blastocyst stage was 47.9 6 5.4% (46/96). The duration of the first cell cycle (mean 6 SD) of the embryos developed to blastocyst stage was 24.9 6 2.2 h (n¼46). The rates of normal and abnormal cleavage patterns (mean 6 SD) in the first cell cycle of the embryos developed to blastocyst stage were 41.6 6 3.7% (20/46) and 58.4 6 3.7% (26/46), respectively. The logistic coefficients between pregnancy success and values in the first cell cycle were significant for the cleavage pattern (P , 0.05) but not for the cycle duration ( Table 6 ). The duration of the first cell cycle for blastocysts that resulted in pregnancy was 25.2 6 1.1 h versus a duration of 23.9 6 3.4 h for blastocysts that did not result in pregnancy; thus, the duration was not different between the two groups. The pregnancy rates on both Day 30 and Day 60 posttransfer of NC blastocysts (Fig. 3, A4 and B4) were higher than those of ANC blastocysts (Fig. 3, C4 and D4 ; P ¼ 0.07; Table 7 ).
DISCUSSION
We developed a novel polystyrene-based WOW culture dish, obtained by injection molding that allows sufficient Fig. S1 , all Supplemental Data are available online at www.biolreprod.org). No negative side effects were observed for WOW embryo culture with respect to in vitro development or to cell numbers and oxygen consumption at the blastocyst stage. Blastocysts derived from WOW cultures had a low incidence of apoptosis and a physiological level of oxygen consumption and resulted in higher pregnancy rates than did those cultured in conventional droplets.
In the present study, we observed no difference in the rate of development to the blastocyst stage between WOW-and control-cultured embryos. This result is in conflict with previous reports showing that the rate of blastocyst formation is improved by the WOW system [10, 46] , which provides a microenvironment for individual embryos that is designed to counteract the negative effects of low embryo density. However, because bovine embryos were cultured in both WOW and control groups (n ¼ 25 per group) at a density of 1:5 (embryos/volume), which is the most beneficial ratio for in vitro development [38] , the benefit of the WOW system for development to the blastocyst stage might have been masked at this optimal embryo density. Development to the blastocyst stage was significantly improved for embryos cultured using WOW as compared with the control at a density of 1:25 (see Supplemental Table S1 ). Furthermore, in previous reports demonstrating that WOW improves development to the blastocyst stage, bovine embryos were cultured under 5% oxygen tension [10, 46] . Oxygen tension does affect development to the blastocyst stage in single-embryo culture [47] . Therefore, optimization of WOW culture conditions, including analysis of oxygen tension, will be required to maximize development of fertilized oocytes to the blastocyst stage.
Morphological quality and ICM and TE cell numbers did not differ between WOW-and control-derived blastocysts. This result is in accordance with a previous report that also showed no difference in ICM and TE cell numbers for WOWor control-cultured embryos [48] ; however, we demonstrate 3 . Images from time-lapse cinematography (TLC) of the development of ovum pickup-in vitro fertilization (OPU-IVF)-derived embryos at the first cleavage and at the blastocyst stage cultured using the polystyrene-based well-of-the-well (WOW) system. A1-A4 and B1-B4 show normal cleavage. C1-C4 and D1-D4 show abnormal cleavage. A1-D1, A2-D2, and A3-D3 show embryos at 30, 15, and 0 min before first cleavage, respectively. A4-D4 show blastocysts at Day 7 post-IVF. C1-C4 shows an embryo undergoing direct cleavage from the one-cell stage (C2) to four blastomeres (C3). D1-D4 shows development of an embryo characterized by two blastomeres with several small fragments (marked with arrows) in the perivitelline space (D3). The period between fertilization and cleavage for the embryo shown in B3 was longer than for embryos shown in A3, C3, and D3. Blastocysts shown in A4 and B4 resulted in pregnancy at Days 30 and 60 posttransfer, but those shown in C4 and D4 did not. Numbers in the bottom-right corner represent time after IVF. Scale bars ¼ 100 lm.
here that blastocysts derived from WOW cultures have a lower incidence of apoptosis and lower oxygen consumption per 100 cells than those derived from control cultures. Oxygen consumption is directly related to ATP synthesis via oxidative phosphorylation (OXPHOS) [49] . Our data are therefore in agreement with a previous study showing that WOW-derived blastocysts have decreased expression of genes regulating OXPHOS, such as ATP5A1 [48] . A nonphysiological increase in oxygen consumption may enhance the accumulation of reactive oxygen species [50] , which may induce apoptosis [51] and decrease the success of pregnancy following transfer [52] . In fact, blastomere-based oxygen consumption in WOWderived blastocysts was more similar to that from blastocysts generated in vivo than to control-derived blastocysts. Moreover, bovine blastocysts derived from WOW cultures had higher embryo viability than did the controls, as indicated by improved pregnancy rates at Day 60 postembryo transfer. Hence, the microenvironment in WOW dishes might promote a physiological level of metabolism in the embryos, similar to that observed for in vivo-generated blastocysts, resulting in a low incidence of apoptosis and increased pregnancy success. Increased viability may also result from the accumulation of suitable concentrations of autocrine and/or paracrine factors in microwells, which limit OXPHOS at the blastocyst stage [53] .
Developmental kinetics, cleavage pattern, blastomere numbers, and metabolic activity affect the developmental competence and blastocyst quality [54] . Recently, we also demonstrated that the duration of and cleavage pattern in the first cell cycle affects in vitro development and chromosome numbers at the blastocyst stage; specifically, embryos that developed successfully had significantly shorter first cell cycle than nondeveloped embryos, and 3-4BL blastocysts had a high frequency of chromosomal abnormalities [19] . Although this observation suggested that the duration and the cleavage pattern at the first cell cycle are predictors of embryo development, whether these factors affect posttransfer viability was not determined. The present study therefore utilized TLC analysis in conjunction with the WOW cultures to examine the posttransfer viability of OPU-IVF embryos with respect to the duration of and cleavage pattern at the first cell cycle. Logistic regression indicated that the first cleavage pattern positively correlated with posttransfer viability, but the duration of the first cell cycle did not. A previous study also indicated that although the time required to reach the first cleavage greatly influences embryo development to the blastocyst stage, the pregnancy rate is unrelated to the timing of the first cleavage [55] . Correlation between the cleavage pattern at first division and the pregnancy rate was also shown in a recent study on mice in which abnormal chromosome segregation at the first division increased the frequency of early pregnancy loss [56] . We also observed that the pregnancy rate following transfer of 3-4BL blastocysts was lower than that for blastocysts with other cleavage morphologies (Table 7) ; a 3-4BL cleavage morphology may therefore result in subsequent chromosomal abnormalities [19, 57] . This anomalous first cleavage appears to be a product of insufficient oocyte maturation and/or polyspermy fertilization [58, 59] . Although further embryo transfer investigations are necessary to clarify the mechanism underlying both abnormal first divisions and the low pregnancy rates following transfer of blastocysts with abnormal cleavage, the risk of pregnancy loss is likely to be reduced with the combination of WOW culture and observation of the first cleavage pattern using TLC.
In conclusion, our novel microwell culture system, which allows unobstructed TLC analysis of embryos and enhances embryo development, provides a powerful tool for the production and selection of healthy bovine embryos for transfer. Recently, it was shown that combining an analysis of cleavage pattern and amino acid could predict competence for development to blastocysts [54] . Also, the selection of blastocysts with optimal oxygen consumption improves the pregnancy rate [52] . Moreover, it has also been suggested that gene expression analysis of one or two blastomeres from embryo biopsies may prove useful for assessment of embryo viability [60] . Hence, identification of additional viability biomarkers using a microwell culture system may be critical for increasing the success of pregnancy following embryo transfer. 
